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Abstract 
Decreasing CO2 Emissions from coal fired thermal power plants is a critical issue in the world. Toshiba designed and built the 
CO2 capture pilot plant at Mikawa coal fired thermal power plant in 2009. Following this, we have developed not only an 
efficient CO2 capture system but also amine solvent that captures CO2 using live flue gas from the thermal power plant.  After 
compiling the laboratory results, we decided to introduce the new amine solvent to the Mikawa pilot plant in order to evaluate 
the overall performance of this new solvent at 10t/d-scale test.  We prepared the new solvent and subsequently stared to 
optimize the operation conditions, monitored the life performance and investigated the amine degradation.  As a result, we 
confirmed the regeneration energy of 2.4GJ/t-CO2 with 90% capturing CO2 by 12%-CO2 concentration live flue gas from coal 
fired thermal power plant. 
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1. Introduction  
Currently, greenhouse gasses are suspected to be one of the causes of global warming, therefore with this in 
mind great effort needs to be implemented to reduce these gasses and therefore protect the planet. One of the major 
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sources of manmade CO2 generation comes from the power generation sector, particularly for example when 
burning fossil fuels commonly seen in thermal power plants. Currently CO2 capture technology is believed to be 
one of the most promising technologies to prevent CO2 emission from thermal power plants. TOSHIBA has been 
focusing on developing post combustion capture technology since 2007, and in Sep./2009[1] designed/built a pilot 
plant  with the ability to capture10t-CO2 per day at the Mikawa coal fired thermal power plant in Fukuoka 
prefecture.  Since then, we have developed our own technology; improvements include solvent, stability in 
operation, CO2 capture energy, degradation performance of solvent, new solvent screening, and so on.  
 One Big issue of CO2 capture from thermal power plants is the large energy penalty required for CO2 
regeneration at the stripper tower.  In this process, large amounts of steam are taken from the thermal power 
generation system, which reduces the electricity production of the power plant.  One potential solution we have 
been working on is the development of better amine solvent, with our new amine solvent, Toshiba Solvent 1 (TS-1) 
we exhibited a 2.6GJ/t-CO2 in regeneration energy [2].  A great deal of research has gone into developing new 
solvents at the R&D center in Toshiba, with results for new amine solvent reported at GHGT-11 in Kyoto in 2012 
[3,4].  
In this report, we present the results of evaluation for our new amine solvent being tested by Mikawa CO2 
capture pilot plant. 
2. Experimental 
2.1 Amine solvent preparation 
New amine “A” is not a commercially available amine and was originally synthesized by the TOSHIBA R&D 
group. This new amine is unique in part, due to its “hindered” chemical structure.  With the purchase of this amine 
from a chemical company in Japan under the contract of entrustment of scaling up production began on the ton 
based scale. The purity of the amine was more than 99% as shown by gas chromatography and C13- NMR. Any 
other amines used in this body of work are commercially available and purchased by the chemical manufacturer. 
The new solvent system was prepared by mixing two amines, A and B, in water for a half day by the circulation of 
the solution in the Mikawa PP., where amine “B” is a commercially available amine, which subsequently acts as an 
absorption promoter. 
2.2 Analysis system 
The reaction heat of CO2 absorption was measured at 40°C with a calorimeter, DRC Evolution (SETARAM 
Inst.) and the viscosity was measured using a rheometer, RheoStress600(Thermo HAAKE). CO2 loading was 
measured using gas chromatography, GC-2014AT(SHIMADZU) while the concentration of organic acids was 
measured using ion chromatography, ICS-2000(Dionex). 
2.3 Mikawa CO2 capture pilot plant (Mikawa PP) 
Mikawa PP is located beside the Mikawa coal fired thermal power plant in Fukuoka prefecture, Japan, which is 
owned by Sigma Power Ariake Co.,Ltd. a subsidiary of Toshiba.  The power output of it is 47.5MW and CO2 
emission is approximately 1,000t/d.  Mikawa PP. has a capability to capture CO2 at 10t/d, meaning that only 1% of 
the flue gas is introduced from the thermal power plant.  The steam for the reboiler in the CO2 capture system is 
extracted from the thermal power plant.     
The functional specification is shown in Table 1.  The schematic of process flow and a picture of the Mikawa 
PP. are shown in Figure 1a and 1b respectively.  An additional FGD was established before the absorber in the 
Mikawa PP. in order to reduce the SOx concentration in the flue gas down to 5ppm., the CO2 concentration in the 
flue gas is about 12%. 
Overall performance tests for several amine solvents and for the plant equipment have been carried out 
continuously and the cumulative operating time has reached 7721 hours at Sep.30th in 2013.   
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Table 1. Functional specification of Mikawa PP. 
Location Mikawa thermal power plant SIGMA POWER 
Ariake in Omuta city, Fukuoka 
Flue gas flow rate Coal 
Flue gas flow rate 2100Nm3/h (1% of total flue gas) 
CO2 concentration in flue gas Approx. 12% 
CO2 capture efficiency 90% 
CO2 capture volume 10t-CO2/day 
Impurities SOx(less than 5ppm), NOx(100ppm), Dust, etc 
 
 
 
 
 
 
 
 
 
 
 
 
3. Results and Discussions 
3.1 Fundamental properties of new solvent 
3.1.1 CO2 loading properties 
According to the results of laboratory tests [4], the new amine showed two unique properties below 
1. CO2 dissolved into 30wt % aqueous new amine and formed the bicarbonate anion (no formation of 
carbamate anion detected)   
2. CO2 dissolved into new amine solvent with 60 normal liter-CO2/liter-solvent (NL/L) at 40°C under 10%vol 
CO2 and 90% vol% N2 condition. It exhibited good CO2 loading capability. 
 
As the new solvent is a mixture of two amines (new amine “A” and amine “B”), 13C-NMR was carried out in 
order to know the speciation information of the sample solution.  The sample solution was prepared by dissolving 
CO2 into the new solvent with 60 NL/L. The 13C-NMR was measured at 40°C with the result shown in Figure 2.  
There are three peaks seen at, 163.9, 165.3, and 166.7 ppm respectively, which are related to the dissolving carbon 
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Figure 1a(left) and 1b(right). Schematic and picture of Mikawa CO2 capture pilot plant 
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in the solvent on 13C-NMR chart.  The largest peak of 163.9 is for the bicarbonate anion and the peak of 165.3 is 
for the carbamate anion of amine “B”.  The peak of 166.7 is for the carbamate anion of amine “A” and was very 
slight.  It means that CO2 dissolved into the new solvent by forming the bicarbonate anion and the carbamate anion 
of amine “B”, while hardly forming the carbamate anion of amine “A”. 
 
 
 
 
 
 
 
 
 
 3.1.2 Viscosity measurement 
According to the previous laboratory test, the maximum CO2 loading in the new solvent was verified to be 60 
NL/L.  Figure 3 shows that the viscosity of the new solvent increases with CO2 loading, and decreases about 1/3 
with reducing solvent temperature (40°C from 20°C).  This also indicates that the viscosity of the new solvent is 
becoming higher than TS-1, with CO2 being loaded although the initial value (zero CO2 loading) is almost the 
same.  The chemical structures of the amines used in these solvents are different; however, this phenomenon could 
not be explained logically. 
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Figure 3. Viscosity dependence with CO2 loading at 20°C and 40°C; a solid 
line is for new solvent and a dotted line is for TS-1 
Figure 2. 13C-NMR measurement of new solvent; CO2 is dissolved at 
60NL/L, Measurement was done at 40°C 
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In Mikawa PP, the rich amine solution is circulated at about 40°C from the absorber to the stripper by way of 
the cross heat exchanger.  The result showed that even at 60 NL/L CO2 loading, the viscosity is about 15cP at 40°C.  
We confirmed that new solvent would be applicable to the Mikawa PP. 
 
3.1.3 Heat of reaction measurement 
To develop a high performance solvent, one of the key properties the amine must have is a low heat of reaction 
with CO2.  It is well known that amine solvent consisting of primary amine such as MEA has the higher heat of 
reaction and that of tertiary amine has the lower one.  It is desirable to take the advantage of lower heat reaction 
solvent to reduce the CO2 recovery energy.  Figure 4 shows the heat of reaction for the new solvent, 30wt% 
aqueous MEA solution and TS-1.  It indicates that the new solvent has a lower heat of reaction than MEA .  It is 
well known that MEA absorbs CO2 forming carbamate anion, subsequently causing the higher heat of reaction.  
According to the 13C-NMR analysis in this report 3.1.1, it is determined that CO2 dissolves into the new solvent 
by forming the bicarbonate anion instead of the carbamate anion. The heat of reaction of new solvent was higher 
than that of TS-1.  As both amines take the bicarbonate anion when CO2 dissolved, the difference was caused by 
the chemical structure of the amine. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 Mikawa PP test 
3.2.1 Dependency of L/G on CO2 recovery energy 
The dependency of liquid-flow-rate/gas-flow-rate (L/G) on CO2 removal energy was investigated first because 
we recognized that L/G is the dominant parameter in operating Mikawa PP according to our experience. 
Table 2 shows the experimental results of L/G test.  As the gas flow rate is constant (2100Nm3/h) in our pilot 
test, only solvent flow rate was variable.  In table 2, the CO2 recovery energy, CO2 capture efficiency and CO2 
loading for rich and lean solvents are listed.  CO2 recovery energy was calculated by measuring the heat 
consumption at the stripper reboiler and the amount of CO2 captured at the absorber tower 
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L/G 2.1 2.9 3.8 
CO2 capture efficiency 90 94 94 
Rich loading (NL/L) 53 52 53 
Lean loading (NL/L) 15 23 30 
CO2 recovery energy 
(GJ/t-CO2) 
2.59 2.49 2.53 
 
It shows that the rich loading values are almost same but lean loading values are different. It is known that if 
L/G is small, a larger amount CO2 must be carried (circulated) between absorber and the stripper per unit mass of 
solution. It also shows that CO2 recovery energy was the minimum at an L/G of 2.9 in three test campaigns with 
90% CO2 capture.  Compared to the result of TS-1, which had the best L/G between 4 and 5, this result indicates 
that new solvent has a higher CO2 absorption capacity than that of TS-1. 
In order to evaluate the energy breakdown, it is necessary to determine the sensible heat, the latent heat and 
reaction heat.  As the Figure 4 indicates, the reaction heat is not constant with CO2 loading. Therefore, the reaction 
heat was obtained by calculation of the average of the heat of reaction at rich loading and lean loading based on the 
result of experiment 3.1.3.  The heat loss from the top of the stripper and heat loss from the heat exchanger could 
be estimated using actual experimental data as the latent heat and the sensible heat respectively.   
Figure 5 shows the breakdown of the CO2 recovery energy of three test campaigns.  It is shown that the reaction 
heat decreases slightly with increasing L/G because the lean loading value,30NL/L at L/G=3.8 gives about 
70kJ/mol. On the other hand, 15NL/L at L/G=2.1 gives about 76kJ/mol.  On the contrary, the sensible heat 
increased with increasing L/G. Generally the heat loss of the heat exchanger is expressed by the product of a 
temperature difference ('T) between the lean solvent out from a heat exchanger and the rich solvent into a heat 
exchanger, the solvent flow rate and the specific heat of the solvent. For this reason, the sensible heat was thought 
to increase with increasing L/G. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 2. Experimental results of L/G test 
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Figure 5. Breakdown of the CO2 recovery energy 
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3.2.2 Best performance of CO2 recovery energy 
Based on the L/G test in 3.2.1, we realize the best L/G is between 2 to 4 for the new solvent. Following this 
success, we endeavoured to optimise more operational parameters, including L/G, lean solution temperature, inter 
cooler temperature at absorber and so on.  Figure 6 shows the CO2 recovery energy of TOSHIBA solvent1 (TS-1) 
and the new solvent.  After optimization of operation conditions, 2.4 GJ/t-CO2 was achieved, which is less than 
TS-1. 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.3 Life performance test 
Figure 7a and 7b show the results of life performance test of the new solvent.  This test was carried out with all 
operational parameters in the pilot plant constant.  Both figures show the remarkable changes of the CO2 capture 
efficiency while CO2 recovery energy was not observed. 
 
 
 
 
 
 
 
 
3.2.4 Amine degradation 
Amine degradation is very important issue of practical use and operation for future commercial CO2 recovery 
plant.  It is well known that amine compounds decompose by way of oxidation reaction with Oxygen which results 
in the production of unwanted by-products such as organic acids.  Throughout performance tests, organic acids are 
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Figure 6. Comparison of CO2 recovery energy for TS-1 and new solvent 
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monitored for by Ion-chromatography. Figure 8a shows the increase in the concentration of organic acids as a 
function of operating hours.  It indicates that the concentration of organic acids increased gradually with increasing 
operating time, particularly the build up of formic acid is noted, which had a significantly higher concentration 
than other acids present.  Figure 8b shows the comparison of the formic acid generated during TS-1 and new 
solvent tests respectively. It clearly demonstrates that the formic acid generated in new solvent is less than that of 
TS-1, this is indicative of the greater stability new solvent offers compared to TS-1. 
 
 
                          
 
 
 
4. Conclusion     
We have developed a new amine solvent for the CO2 capture system. Its success was due in part to its unique 
steric hinderance.  It was found that CO2 dissolves into the new solvent by forming the bicarbonate anion, with 
subsequently high CO2 dissolution capacity.  Overall performance tests were run at the Mikawa CO2 capture pilot 
plant using live flue gas. The test results showed that the best performance of new solvent is 2.4GJ/t-CO2 recovery 
energy. Lifetime performance tests over more than 700 hours were evaluated and no remarkable change was 
observed.  Chemical analysis showed that new solvent has better stability against the oxidative degradation than 
TS-1. 
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